Concerns have been raised regarding the role of environmental and dietary estrogens as possible contributors to an increased incidence of various abnormalities in estrogen-target tissues of both sexes. These abnormalities include breast cancer, endometriosis, fibroids, and uterine adenocarcinoma in females, as well as alterations in sex differentiation, decreased sperm concentrations, benign prostatic hyperplasia, prostatic cancer, testicular cancer, and reproductive problems in males. Whether these concerns are valid remains to be determined; however, studies with the potent synthetic estrogen diethylstilbestrol (DES) suggest that exogenous estrogen exposure during critical stages of development can result in permanent cellular and molecular alterations in the exposed organism. These alterations manifest themselves in the female and male as structural, functional, or long-term pathological changes including neoplasia. Although DES has potent estrogenic activity, it may be used as a model compound to study the effects of weaker environmental estrogens, many of which may fit into the category of endocrine disruptors. -Environ Health Perspect 103(Suppl 7): 83-87 (1995) 
Introduction
Diethylstilbestrol (DES), a potent synthetic estrogen, was prescribed to a large population of pregnant women to prevent miscarriage and other pregnancy complications. Subsequently, it was shown that the cohort of women exposed to DES in utero exhibited a wide range of reproductive tract abnormalities including a low, but significantly increased, incidence of vaginal adenocarcinoma (1) . Likewise, it was reported that men exposed to DES in utero experienced a variety of reproductive tract problems including reduced fertility and retained testes. Similarly, experimental animals exposed prenatally or neonatally to DES developed comparable genital tract alterations. (A comparison of the effects of developmental exposure to DES in humans and mice is shown in Tables 1 and 2 .) Thus, the rodent provides an excellent model to study the mechanisms of developmental toxicity of estrogens. Future human risk assessment of the deleterious effects resulting from developmental exposure to estrogenic substances like DES will require in-depth knowledge of mechanisms that can be gained by studying the rodent model.
Murine Model of Developmental Exposure to Diethylstilbestrol
Several murine models have been described to study developmental exposure to estrogenic compounds including prenatal and neonatal exposure or a combination of both treatments. Since the neonatal model is so eloquently described by Iguchi et al. (2) the following description will include only prenatal treatment. However, data obtained from both models are important in determining cellular and molecular mechanisms.
To study the effects of prenatal exposure to DES, outbred CD-1 mice were treated sc with DES on days 9 through 16 of gestation, the period of major reproductive tract organogenesis. The doses of DES ranged from 0.01 to 100 pg/kg during pregnancy, equal or less than doses given therapeutically to pregnant women. In fact, the lower DES doses are comparable to weaker estrogenic compounds found in the environment. Mice were born on day 19 of gestation, and both male and female offspring were followed.
To assess the effects of prenatal DES exposure on postnatal reproductive tract function, the fertility of DES female mice was determined using a continuous breeding protocol (3). The most striking effect observed was a dose-related decrease in reproductive capacity, ranging from minimal subfertility at the lower DES doses to a high frequency of total sterility at the highest DES doses (Figure 1 ). Over the course of the breeding schedule, even the low doses of DES exhibited subfertility. Reduced reproductive capacity appeared to be a reflection of a decrease both in the total number of litters and in litter sizes. A major component of the sterility seen in females that were given higher doses of Environmental Health Perspectives Vaginal adenocarcinoma was seen in the 2.5, 5, and 10 pg/kg DES dose groups, although its frequency was rare. The cervix of the DES-exposed offspring was often enlarged, but the cervical lumen was not different from controls. Stromal stimulation was responsible for the enlargement in the cervical region, and a low prevalence of benign (leiomyoma) and malignant (stromal cell sarcoma, leiomyosarcoma) tumors was seen. Evidence of epithelial and stromal stimulation in the uterine horns was also observed, and cystic endometrial hyperplasia was common even in the lower DES-dose animals; a low incidence of benign (leiomyomas) and malignant (adenocarcinoma, stromal cell sarcoma) uterine tumors was also observed. (5) .
Environmental Health Perspectives Also, the developmentally arrested murine oviduct may be important in understanding structural abnormalities in the upper genital tract, including the T-shaped uterus observed by hysterosalpingography in humans (6) since both are examples of altered development of the Mullerian duct. The uterine malformation has been associated with reported menstrual irregularity and decreased favorable pregnancy outcome in women exposed prenatally to DES (6) (7) (8) . These findings compare similarly to that already described for this mouse model (3) .
Effects of prenatal DES exposure on the developing male genital tract were also examined (9) . Fertility was assessed by breeding DES males to control female mice of the same strain. In the prenatal DES-exposed mouse, only the highest dose (100 pg/kg) was associated with noticeable changes in reproduction; 6 of 10 DESmale offspring treated with 100 pg/kg were sterile, while the nonsterile males had the same breeding performance as controls (Table 4) . Several factors appeared to be related to this decreased fertility in the high-dose males including a) retained testes and Mullerian remnants; b) abnormal sperm morphology and motility; c) lesions in the reproductive tract; d) abnormal reproductive tract secretions and; e) inflammation (9) . Thus, there were many examples of abnormalities in the male offspring that contributed to subfertility and infertility in the higher dose animals; lower dose males are currently being evaluated for any long-term changes in reproductive performance.
In the high-dose male DES offspring, a long-term, rare histological alteration was found that was apparently derived from a change in the mesonephric epithelium. During embryonic development, the mesonephric duct system gives rise to the rete testis and other male structures. The identification of tumors in the area of the (9) . rete testis is exceptionally rare; in fact, rete testis tumors have been reported infrequently in the clinical literature and in experimental animals. It is interesting that treatment of pregnant CD-1 mice with DES (100 pg/kg) resulted in rete testis adenocarcinoma in 5% of their male offspring ( Table 5 ). The high incidence of retained testis in mice (92%) following prenatal DES exposure and the occurrence of the rare rete testis adenocarcinoma raise the possibility of an association between prenatal DES exposure and the incidence of cryptorchidism and rete testis cancer. Although cryptorchidism resulted in decreased or lack of spermatogenesis in male mice, inactivity alone could not account for the higher prevalence of rete cancer because several of the mice with the tumor had spermatogenesis occurring in the same testis. In addition to rete cancer, increased incidence of lesions of the corpus testis and Mullerian duct remnants were also seen (11) . Since these lesions were observed in high-dose DES males, males receiving lower DES doses are being followed for increased cancer risk, although their fertility was not significantly affected.
Vaginal adenocarcinoma in the female and rete testis adenocarcinoma in the male, both (10) . murine DES model describes the persistent expression of two estrogen-dependent genes, lactoferrin (LF) and epidermal growth factor (EGF), in the DES mouse uterus and vagina (12) . Earlier studies from our laboratory described the abnormal expression of LF in the seminal vesicle of DES-treated male offspring (13) . LF regulation by estrogen has been described in detail by Teng (14) . The deregulated synthesis of these two estrogen-inducible genes may be instrumental in the further development of growth and differentiation defects and in the etiology of preneoplastic and neoplastic lesions that are seen as long-term consequences following developmental estrogen exposure.
Another mechanism that may be involved in DES-associated defects is the estrogen receptor pathway. Reports of humans exposed to DES suggest that the developing fetus is extremely sensitive to exogenous estrogens; adults, however, are not as sensitive because treated mothers did not develop any of the lesions observed in their offspring. Studies with the mouse model support the idea of a critical exposure period: short-term DES exposure to a neonate results in 90% incidence of uterine adenocarcinoma later in life (15), but similar short-term treatment of the adult mouse does not induce adenocarcinoma (Newbold et al., unpublished data). The incidence of uterine adenocarcinoma only reaches 1.7% (16) in adult mice even during lifetime exposure to DES in their diet. Certainly the adult uterus is responsive to and stimulated by estrogen treatment since 95% of the mice demonstrate cystic endometrial hyperplasia. Spontaneous uterine adenocarcinoma in rats is also rare and only reaches 0.5% at 2 years of age; estrogen treatment in adult rats induces a variety of nonneoplastic proliferative lesions but cancer is rarely seen (17) . Thus, the mature, differentiated rodent uterine epithelium responds to high Volume 103, Supplement 7, October 1995 doses of estrogen with sustained proliferation but it seldom undergoes neoplastic transformation. This observation suggests that the developing fetus and neonate have a unique feature that may contribute to their enhanced suceptibility to pertubation by estrogens. One of the most obvious differences is the relatively low amount of uterine epithelial estrogen receptor in these early stages of development. Studies from our laboratory show that developing uterine epithelial cells are relatively devoid of ER while epithelial cells of the oviduct and the cervix exhibit a low, but detectable, amount of ER, as demonstrated by immunocytochemistry using an anti-ER monoclonal antibody (Table 6 ). It is interesting to note that the uterine tissue compartment is more suceptible to neoplastic transformation than the oviductal or cervical compartment. Treatment with DES starting on day 9 of gestation induced the early appearance of ER in uterine epithelial cells; the number of positive epithelial cells and staining intensity gradually increased with age. Uterine stromal cells stained for ER were observed at all ages examined, but staining appeared to decrease with age in the control animals and with DES treatment. Similar results have been reported in male (18) and female (19) mouse reproductive tract tissues following neonatal exposure to DES (20) . Additional information on the role of ER in embryonic tissues has been described by Gorski and Hou (21) . It is feasible that these fetal epithelial ER have a physiological function because we have demonstrated the induction of the estrogen-responsive gene for LF in fetal uterine epithelial cells in response to estrogens (Newbold et al., unpublished data) . It remains to be determined whether it is the ER-induced or the ER-deficient uterine epithelial cells that respond to DES in an aberrant manner; however, it has been proposed that the ER is a protective feature and that ER-poor cells are at risk (22) .
In an attempt to further study the role of the ER in the induction of uterine tumors following developmental exposure to DES, transgenic mice that overexpress ER (MT-mER) have been created (23) . These transgenic mice were treated with DES as previously described (5) . No remarkable changes were seen in untreated wild-type (0/10) or untreated MT-mER (0/10) mice at 4 months of age; DES wildtype (10/10) and DES MT-mER (9/9) mice showed alterations including hypoplastic uteri with few or no glands except in the area of the uterine isthmus. Of particular interest was a DES MT-mER of the MT-mER mice had uterine adenocarcinoma. A summary of this data is seen in Table 7 . The induction of this lesion in this transgenic mouse model suggests that ER may play a role in DES toxic effects. These results also provide support to the hypothesis that the presence and levels of ER are important factors in the initiation as well as the maintenance of DES-induced tumors in the female reproductive tract. Further study is underway to examine lesions in older mice and to determine possible cellular mechanisms that may be involved.
In summary, several mechanisms have been discussed that may be involved in the permanent induction of differentiation defects following developmental exposure to estrogens. This is an area that needs considerably more study, but the information that is gained will help in determining the potential risks involved in environmental estrogen exposure.
Conclusions
There are many possible cellular and molecular mechanisms that may be involved in the toxic response to DES and other environmental estrogens if an organism is exposed during critical stages of development. Several mechanisms have been discussed in this report. Studies with the developmentally DES-exposed murine model have duplicated and predicted many of the lesions seen in similarly DESexposed humans and in the wildlife population. Currently, there is increased interest in the effects of other environmental estrogens and antiandrogens (24)on reproductive tract differentiation and development. Whether these compounds have effects similar to DES is uncertain, but since low doses of DES demonstrate alterations in both male and female exposed offspring, the possibility of adverse effects from other compounds with estrogenic and/or antiandrogenic activity must be considered.
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